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ABSTRACT

Air masses in marine cold air outbreaks (CAOs) at high latitudes undergo a remarkable diabatic trans-
formation because of the uptake of heat and moisture from the ocean surface, and the formation of pre-
cipitation. In this study, the fundamental characteristics of the water cycle during an intense and persistent, yet
archetypal basinwide CAO from Fram Strait into the Nordic seas are analyzed with the aid of the tracer-
enabled mesoscale limited-area numerical weather prediction model COSMO. A water budget of the CAO
water cycle is performed based on tagged water tracers that follow moisture picked up by the CAO at various
stages of its evolution. The atmospheric dynamical factors and boundary conditions that shape this budget are
thereby analyzed. The water tracer analysis reveals a highly local water cycle associated with the CAO. Rapid
turnover of water vapor results in an average residence time of precipitating waters of about one day.
Approximately one-third of the total moisture taken up by the CAO falls as precipitation by convective
overturning in the marine CAO boundary layer. Furthermore, precipitation efficiency increases as the
CAO air mass matures and is exposed to warmer waters in the Norwegian Sea. These properties of the
CAO water cycle are in strong contrast to situations dominated by long-range moisture transport that occur
in the dynamically active regions of extratropical cyclones. It is proposed that CAOs in the confined Nordic
seas provide a natural laboratory for studying local characteristics of the water cycle and evaluating its
representation in models.

1. Introduction

Located at the end of the North Atlantic storm track,
the Nordic seas frequently experience configurations of
the large-scale flow that are dominated by mature and
deep cyclones (Wernli and Schwierz 2006; Dacre and
Gray 2009; Jahnke-Bornemann and Brümmer 2008).
These cyclones bring about strongly contrasting at-
mospheric conditions, varying rapidly on a time scale
of hours to days. Incursions of warm and moist air
masses from southerly latitudes in the cyclone’s warm
sector are accompanied by intense precipitation as the
air masses ascend in the so-called warm conveyor belt

(e.g., Browning 1990; Madonna et al. 2014) or are
steered toward the steep orographic rise along the
western Norwegian coast (Stohl et al. 2008; Azad and
Sorteberg 2017). These warm conditions are sub-
sequently followed by the advection of cold and dry
Arctic air masses behind the cyclone’s cold front. The
Arctic air masses are typically colder than the un-
derlying sea surface, and are therefore favorable for
inducing so-called marine cold air outbreaks (CAOs;
Wacker et al. 2005; Brümmer et al. 2005; Papritz and
Grams 2018).

CAOs are associated with a remarkably intense ther-
modynamic transformation of a dry and cold, stably
stratified Arctic air mass into a much warmer and rela-
tively humid, convectively unstable air mass that can
bring precipitation downstream (e.g., Papritz and Spengler
2017). Because of the strong air–sea temperature contrast,
CAOs give rise to intense fluxes of heat and moisture
from the ocean into the atmosphere (Shapiro et al. 1987;
Grossman and Betts 1990; Brümmer 1996, 1997; Wacker
et al. 2005) and vigorous convective mixing (Hartmann
et al. 1997; Brümmer 1999; Renfrew and Moore 1999).
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Furthermore, the high baroclinicity at the CAO’s edge
and the low vertical stability provide an environment fa-
vorable for the formation of mesoscale cyclones and polar
lows (Businger and Reed 1989; Rasmussen and Turner
2003; Kolstad 2011). The strong uptake of moisture by
the CAO air mass together with intense convective mo-
tions often results in heavy snowfall (e.g., Shapiro et al.
1987; Kristovich et al. 2000; Wang et al. 2016), and it
provides latent energy for the intensification of meso-
cyclones (Rasmussen and Turner 2003; Terpstra et al.
2015), which in turn strongly amplify the decay of the
CAO (Papritz and Pfahl 2016). In consequence, diabatic
processes play a dominant role in the evolution of
CAOs. Their simulation with numerical models, as
well as of the related weather phenomena, relies
strongly on parameterized, subgrid-scale processes—
more so than the simulation of other, less diabatic
flows. Consequently, CAOs provide a natural envi-
ronment for evaluating parameterized, subgrid-scale
processes. A detailed understanding of the mecha-
nisms driving the thermodynamic transformation of
such CAO air masses including their associated water
cycle is, therefore, beneficial for evaluating and im-
proving the representation of CAOs in models as
much as for our fundamental understanding of the
role of CAOs in the climate system.

From a climatological perspective, CAOs are the
major drivers of heat and moisture fluxes from the
ocean into the atmosphere over most of the Nordic
seas (Harden et al. 2015; Papritz and Spengler 2017).
Compensating a substantial fraction of the freshwater
input into the ocean by precipitation, CAOs are, fur-
thermore, an important cause of the relatively small
magnitude of the winter mean net atmospheric fresh-
water flux into the Nordic seas—especially in the
Greenland and Iceland Seas (Segtnan et al. 2011). As
CAOs are highly episodic events (e.g., Kolstad 2017),
small variations in their frequency of occurrence during
one winter season could impose substantial anomalies
on the winter mean atmosphere–ocean buoyancy flux.
This can have important implications for deep convec-
tion in the ocean that contributes dense water to the
lower limb of the Atlantic meridional overturning cir-
culation (e.g., Marshall and Schott 1999). Consequently,
our aims in this study are to quantify the net footprint of
the CAO water cycle in freshwater fluxes (i.e., evapo-
ration minus precipitation) and to study the dynamical
factors and boundary conditions that govern its spatial
variations.

The evolution of the boundary layer structure of CAOs
has been investigated extensively based on observations
at high latitudes (e.g., Brümmer 1996, 1997; Hartmann et al.
1997; Renfrew and Moore 1999; Vihma and Brümmer 2002;

Wang et al. 2016). While most of these studies did not
specifically focus on the water cycle, Brümmer (1997)
compiled boundary layer budgets of moisture as a
function of distance from the sea ice edge for 11 CAOs
from Fram Strait into the Greenland and Norwegian
Seas based on aircraft measurements. Complementary
to such observational studies, modeling studies of CAOs
have been conducted on a wide range of spatial scales.
They include two-dimensional models to simulate the
downstream evolution of the turbulent boundary layer
along sections extending several hundred kilometers
away from the sea ice edge (e.g., Lüpkes and Schlünzen
1996; Vihma and Brümmer 2002; Chechin et al. 2013),
large-eddy simulations to investigate the convective
organization and vertical transfer of heat and moisture
in a subregion of the CAO (e.g., Skyllingstad and Edson
2009; Gryschka et al. 2014; Tomassini et al. 2017), and
mesoscale models to study the dynamical evolution and
erosion of CAO air masses (Pagowski and Moore 2001;
Wacker et al. 2005; Papritz and Pfahl 2016). However,
no systematic study has so far been conducted on the
fundamental characteristics of the basin-scale water
cycle during CAOs, and it is the major goal of this study
to close this gap.

An especially fruitful method to diagnose the char-
acteristics of the water cycle using numerical models is
by means of water vapor tracers (e.g., Bosilovich and
Schubert 2002). These tracers are released by evapo-
ration from specified source regions or by transport of
water vapor across a certain box or surface, such as,
for example, the lateral boundaries of a limited-area
model. Previously, this water vapor tagging approach
has been employed for investigating water vapor isotopes
(Joussaume et al. 1984; Pfahl et al. 2012), sources and
recycling of precipitating waters from a climatological
perspective (Koster et al. 1986; Numaguti 1999; Bosilovich
and Schubert 2002), and case studies of moisture uptake
and transport contributing to heavy precipitation events
(Sodemann et al. 2009; Winschall et al. 2012, 2014) as well
as of water vapor transport associated with atmospheric
rivers along the North Atlantic storm track (Sodemann
and Stohl 2013).

In this study, we employ a limited-area numerical
weather prediction model with a water vapor tagging
implementation to simulate the hydrological cycle
associated with a major CAO that occurred in the
Nordic seas between 24 and 27 December 2015. This
event was one of the most intense and long-lived
CAOs in recent decades, while being fairly typical in
terms of formation mechanisms and airmass path-
ways. We consider the moisture budget of this CAO
using tagged water tracers to follow moisture that
evaporated within the CAO and during different
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phases of its development to address the following
questions:

d How much water is extracted from the ocean surface
during the CAO?

d How much is precipitated within the CAO area?
d How much is deposited at the surrounding topography

as the CAO air masses impinge on the topographic
barriers?

d How much leaves the region of the CAO, impacting
the budget elsewhere?

These aspects of the CAO’s water budget are related to
the turnover rate and lifetime of water vapor evaporat-
ing during this event. Furthermore, we will show that they
are closely related to the dynamic and thermodynamic
boundary conditions, including the sea surface tempera-
ture (SST) and location of the Arctic front (the sharp SST
gradient separating the cold waters in the Greenland and
Iceland Seas from the warm waters in the Norwegian Sea;
cf. Fig. 1b), as well as the sea ice edge and the large-scale
atmospheric flow. A set of model simulations provides
insight into the sensitivity of the results with respect to
model resolution and parameterized convection.

The methodology is introduced in the subsequent sec-
tion, followed by an overview of the synoptic evolution of
the CAO and its linkage to low- and upper-tropospheric
large-scale flow features, as well as the uptake, transport,
and sink of vapor associated with the CAO in section 3.
In section 4 the principal characteristics of the CAO
water cycle are identified and their robustness with
respect to model resolution is assessed in section 5,
followed by conclusions in section 6.

2. Methods

a. The COSMO model

Simulations are performed with the mesoscale nu-
merical weather prediction model of the Consortium for
Small-Scale Modeling (COSMO; Steppeler et al. 2003;
Baldauf et al. 2011), version 4.18. This model is in op-
erational use at various weather services, for example,
the German and the Swiss national weather services,
and it has previously been employed for process studies
of CAOs and in the marginal ice zone (Wacker et al.
2005; Schröder et al. 2011; Papritz and Pfahl 2016), as well
as for studying the water cycle (Winschall et al. 2014).

The COSMO model solves the thermodynamic–
hydrodynamic equations on a rotated latitude–longitude
grid with height-based terrain following a vertical co-
ordinate. It comprises a set of state-of-the-art physical
parameterizations (cf. Doms et al. 2011). This includes
schemes for representing subgrid-scale turbulence using
a level-2.5-closure based on turbulent kinetic energy,
moist convection based on the mass-flux scheme by
Tiedtke (1989), as well as microphysics using a one-
moment two-category ice scheme with prognostic vari-
ables for water vapor, cloud water, cloud ice, rain, and
snow. The representation of microphysics in the con-
vection parameterization is a simplified version of
the large-scale microphysics. For simulations at partly
convection-resolving resolution, the model offers a
nonprecipitating shallow convection scheme following
Tiedtke (1989) that parameterizes the nonresolved por-
tions of shallow convective mixing of heat and moisture.
Furthermore, a thermodynamic sea ice model with

FIG. 1. (a) Domain of the COSMO 0.28, 0.18, and 0.058 simulations and the nested domain of the COSMO 0.028
simulations (red frame). The shading indicates model topography in the COSMO 0.058 simulation. Furthermore,
the regions over which precipitation is integrated are indicated by the orange boxes (GIN and NOR boxes) and key
locations are marked. (b) Sea surface temperature (shading) with the location of the Arctic front highlighted by the
277-K isotherm (gray line) and the sea ice edge (thick black). The black box outlines the region in which evapo-
ration into the CAO air mass is tagged.
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prognostic sea ice thickness and surface temperature is
used (Schröder et al. 2011).

For the purpose of studies of air–sea interaction pro-
cesses in CAOs, the Coupled Ocean–Atmosphere Re-
sponse Experiment (COARE) bulk air–sea heat and
momentum flux parameterization (Fairall et al. 1996, 2003)
has been added to the COSMO model (cf. Papritz and
Pfahl 2016). The transfer of heat and momentum parame-
terized with this scheme has been validated against and
compares particularly well with in situ observations at high
wind speeds of up to 20ms21 (Fairall et al. 2003; Cook and
Renfrew 2015). In this study we use the COARE param-
eterization over open ocean grid cells, while over land and
sea ice the parameterization by Louis (1979) is employed.

b. Water vapor tagging

The idea of water vapor tagging is to extend the model
by a secondary water cycle using tracers that represent
water from specified sources without affecting the pri-
mary prognostic fields in the model. Here, we use the
tagging implementation for the COSMO model of
Winschall et al. (2014), building on previous work
by Sodemann et al. (2009). The secondary water cycle
comprises a complete set of prognostic tracer variables
for the five water species represented in the model
(i.e., water vapor, cloud water, cloud ice, rainwater, and
snow). The tracers are released via the advection across
the lateral boundaries into the model domain and the
evaporation from the surface in specifically defined re-
gions. Likewise, sinks of the tracers are the advection
out of the model domain and precipitation within the
domain. The prognostic tracer fields undergo the same
resolved and subgrid-scale processes as the prognostic
fields from the primary water cycle, but they do not af-
fect the simulated meteorology. The transfer rates re-
quired for phase changes between tracer species are taken
as proportional to the fraction of tagged water represented
by the tracer times the total transfer rate obtained from the
primary water cycle (Sodemann et al. 2009).

In this study seven distinct tracers are introduced to
investigate the CAO water cycle. These CAO tracers
represent water entering the domain via evaporation
from the ocean surface into the originally essentially
dry CAO air mass. To identify the CAO air mass, we use
the air–sea potential temperature difference uSST 2 u900,
with uSST and u900 denoting potential SST and potential
temperature at 900 hPa, respectively. This follows pre-
vious studies that employed variants of uSST 2 u900 for
the identification of marine CAOs (e.g., Bracegirdle and
Gray 2008; Kolstad 2011; Fletcher et al. 2016; Papritz
and Spengler 2017). Positive values of this CAO index
indicate an air mass that is colder than the underlying
sea surface. Here, we define the evaporation region of

the CAO tracers as the area where uSST 2 u900 exceeds
4 K. This selects moderate to very strong CAO air
masses, while neglecting regions where the air–sea
temperature contrast is only weakly positive, with cor-
respondingly weak upward surface heat fluxes (cf.
Papritz and Spengler 2017). The evaporation region is
updated with each model time step and therefore fol-
lows the evolution of the CAO. To make sure that only
evaporation into the main CAO air mass originating
from Fram Strait is considered, the evaporation region
of the CAO tracers is limited to the area poleward of
608N and eastward of 458W (cf. black frame in Fig. 1b).

An overview of the time windows during which the
CAO tracers are released via evaporation from the
ocean surface is given in Fig. 2. After their respective
release windows all tracers are carried through the en-
tire remaining model integration. A new CAO tracer is
initialized every 12 h until 1200 UTC 26 December
(172 h), thus yielding six CAO tracers that are released
in 12-hourly intervals. An additional seventh CAO tracer
is defined for the time after 1200 UTC 26 December
(172 h; blue and green bars, Fig. 2). Finally, two more
tracers are introduced to (i) represent water that is ini-
tially present in the model domain (gray bar, Fig. 2) and
(ii) water newly entering the domain during the simu-
lation via advection across the lateral boundaries and via
evaporation from land, sea ice, and ocean outside of the
CAO evaporation region (red bar, Fig. 2).

This setup should in principle allow us to represent
all water within the primary water cycle by the tracers.
Because of numerical inconsistencies, however, minor
differences between tagged and total water can occur
(Sodemann et al. 2009; Sodemann and Stohl 2013).
Throughout all simulations, these differences are al-
ways less than 1% of the total vapor and precipitation,
respectively.

To obtain an estimate of the atmospheric residence time
(i.e., the atmospheric age of precipitating waters) tagged
precipitation is assigned to 12-hourly bins according to the
maximum time that could have occurred since evaporation
given the 12-hourly release intervals of the tracers. For
example, precipitation at t 5 18 h that evaporated from the
ocean surface between 0 and 12h could have evaporated
6–18h ago and is therefore assigned to the second bin
(evaporation less than 24h ago), whereas precipitation that
evaporated between 12 and 18 h is assigned to the first bin
(evaporation less than 12h ago). Accordingly, these esti-
mates represent upper limits for the residence time and the
actual values may be lower.

c. Model configuration

Numerical models in general have difficulties ade-
quately simulating the convective and turbulent motions
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in CAOs at grid spacings of several kilometers (i.e., in
the so-called convective gray zone) (Field et al. 2017;
Tomassini et al. 2017). Consequently, a set of simula-
tions at four different grid spacings ranging from 0.28 3
0.28 to 0.028 3 0.028 is performed to assess the robustness
of the identified characteristics of the CAO water cycle
in terms of grid spacing. Table 1 gives an overview of the
simulations and corresponding model configurations.
While for the COSMO 0.28 to COSMO 0.058 simulations
the full Tiedtke (1989) convection scheme is used, two
simulations at a grid spacing of 0.028 3 0.028 are per-
formed: one with explicit convection only (COSMO
0.028 nc) and one with the shallow convection scheme
active (COSMO 0.028 sc). Operational analyses from the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) at a 6-hourly interval serve as initial
and boundary conditions for the COSMO 0.28, COSMO

0.18, and COSMO 0.058 simulations. The analyses are
interpolated onto the rotated model grid with the
North Pole chosen such that the equator runs across
the model domain [i.e., the pole is located at 168N,
1708E in geographical coordinates (cf. Fig. 1a for do-
main)]. The simulations are initialized at 1200 UTC
23 December about 12 h before the CAO air mass is
advected over open ocean (see section 3) and the model
is subsequently integrated for 144 h.

For computational reasons the COSMO 0.028 simu-
lations are run on a smaller domain that is nested into
the COSMO 0.058 domain (red box Fig. 1a). The initial
and boundary conditions for these simulations are taken
from the hourly output of the COSMO 0.058 simulation
and interpolated onto the nested grid with its North Pole
at 208N, 1608E in geographical coordinates. For sim-
plicity, tracers from the water vapor tagging are not

TABLE 1. Model configurations for the five simulations. The COSMO 0.028 simulations are run in the nested domain, while the other
simulations are run on the full domain (cf. Fig. 1a). The grid size denotes the dimensions of the grid in the zonal, meridional, and vertical
direction, respectively.

Name Horizontal grid spacing Grid size Initialization time Duration Convection scheme

COSMO 0.28 0.28 3 0.28 200 3 180 3 40 1200 UTC 23 Dec 144 h Tiedtke (1989)
COSMO 0.18 0.18 3 0.18 400 3 360 3 60 1200 UTC 23 Dec 144 h Tiedtke (1989)
COSMO 0.058 0.058 3 0.058 800 3 720 3 60 1200 UTC 23 Dec 144 h Tiedtke (1989)
COSMO 0.028 nc 0.028 3 0.028 800 3 840 3 60 1500 UTC 23 Dec 81 h None
COSMO 0.028 sc 0.028 3 0.028 800 3 840 3 60 1500 UTC 23 Dec 81 h reduced Tiedtke (1989) (shallow)

FIG. 2. Temporal definition of the tracers. Blue and green stand for CAO tracers where
strong (weak) colors indicate the time window during which the tracer is released (carried
through the model integration but no longer released), red is for the tracer representing water
entering the domain by advection across the domain boundaries and by evaporation into non-
CAO air masses, and gray is for the tracer representing water initially present in the domain.
The dashed vertical line indicates the initialization time of the 0.028 3 0.028 simulations. The
upper and lower horizontal bars refer to the definition of the tracers in the COSMO 0.28, 0.18,
0.058 and COSMO 0.028 simulations, respectively, which have different initialization and
forecast lead times (cf. Table 1).
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prescribed from the COSMO 0.058 simulation at the do-
main boundaries. Instead, moisture advected into the
nested domain is considered as not originating from
the CAO. Since the domain covers most of the region
along the sea ice edge where CAO air masses are ad-
vected over open ocean and there is only weak recirculation
of CAO air masses out and subsequently again into the
domain (cf. section 3), only a negligible amount of CAO
moisture is erroneously considered as non-CAO mois-
ture because of this simplification. The COSMO 0.028
simulations are initialized at 1500 UTC 23 December
and integrated for 81 h until 0000 UTC 27 December.
Consequently, the release window of the first CAO tracer
is only 9h such that the CAO tracers remain synchronized
in all simulations (lower bars Fig. 2).

In all simulations, the evolution of the large-scale
horizontal structure of the CAO is in close agreement
with operational analyses from the ECMWF (see Fig. S1
in the online supplemental material) and the thermo-
dynamic profiles compare favorably with radiosonde

observations (e.g., Fig. S2 in the supplemental material).
Throughout this study, the COSMO 0.058 simulation
will serve as the reference simulation. It will also be used
to discuss the evolution of the CAO and establish the
principal characteristics of the CAO water cycle in
sections 3 and 4. Based on the additional simulations,
the robustness of these characteristics will be assessed in
section 5.

3. Evolution of the CAO event

a. Synoptic overview

In this section, we will give an overview of the synoptic
evolution of the CAO based on ERA-Interim reanalysis
data (Fig. 3) and the COSMO 0.058 simulation (Fig. 4).
To that end, we will visualize the pool of cold air in the
interior Arctic and the export of the CAO air mass into
the Nordic seas in a quasi-Lagrangian manner by de-
picting the evolution of the mass located below a specific
isentropic surface uT and the ground, the so-called cold

FIG. 3. Temporal evolution of pressure (shading) and potential temperature (gray, contour interval 5 K) at the
dynamical tropopause from (a) 0000 UTC 24 Dec to (d) 0000 UTC 27 Dec in daily intervals. Data are from the
ERA-Interim reanalysis (Dee et al. 2011). The dynamical tropopause is defined as the 2-PVU potential vorticity
isosurface (1 PVU 5 1026 K kg21 m2 s21; cf. Hoskins et al. 1985; S�kerlak et al. 2015).
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air mass (Iwasaki et al. 2014; Papritz and Pfahl 2016).
The choice of uT is informed by the maximum SST
to which the CAO air mass is exposed while in the
Norwegian Sea, which amounts to slightly more than
280 K (cf. Fig. 1b). All air leaving the interior Arctic
with a potential temperature below 280 K has the possi-
bility to contribute to the CAO. We thus use a threshold
of uT 5 280 K.

The formation of the CAO and its evolution are
closely linked to a positive potential vorticity anomaly
in the lower stratosphere, which is characterized by a
low-lying and cold tropopause (Fig. 3a) and an upward
doming of isentropic surfaces below [i.e., anomalously
cold air; cf. Hoskins et al. (1985)]. This feature has its
origin over northwestern Greenland (Fig. 3a), which
is a region favorable for the genesis of such lower-
stratospheric positive potential vorticity anomalies
(Kew et al. 2010). It subsequently translates toward
Fram Strait and into the Greenland Sea (Fig. 3b),

accompanied by the advection of particularly cold air
across the sea ice edge into the Nordic seas underneath.
The latter is evident from the thick tongue of cold air
that forms in the Nordic seas (red; Figs. 4a–c), as well
as an increasing air–sea potential temperature contrast
(red contours). A persistent and intense lower-tropospheric
transport of cold air is established by the strengthening of
the pressure gradient on the rearward side of an exten-
sive surface trough in the Norwegian Sea (gray contours
and green arrows; Fig. 4b). Furthermore, a mesoscale
cyclone west of the Svalbard archipelago episodically en-
hances the transport of cold air over Fram Strait during the
initial stage of the CAO.

As evident from the lowering of the tropopause to
nearly 500 hPa, the further evolution of the CAO is
steered by the filamentation and strengthening of the
upper-level feature, and the formation of an elongated
dome of cold air mass underneath that stretches from
the sea ice edge across the Nordic seas all the way

FIG. 4. Synoptic evolution of the cold air outbreak from (a) 0000 UTC 24 Dec to (d) 0000 UTC 27 Dec in daily
intervals. Shown are cold air mass (mass below 280-K isentropic surface in hPa; shading), CAO index (uSST 2 u900;
red, contours from 4 K in intervals of 4 K), sea level pressure (gray, contours in intervals of 5 hPa), winds on lowest
model level (;10 m above ground, green arrows), and the sea ice edge (thick black). Data are from the COSMO
0.058 simulation.
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toward Norway (Figs. 3c and 4c). Consequently, the air–
sea potential temperature difference attains values well
above 12 K over large portions of the Nordic seas—
indicative of a very intense CAO accompanied by sur-
face turbulent heat fluxes well in excess of 600 W m22

(not shown). The cold front that marks the edge of the
CAO and extends throughout the entire troposphere
makes landfall in Norway on early 26 December (Fig. 4c).
While the upper-level feature and the cold airmass tongue
subsequently extend farther across Scandinavia and
translate northeastward (Figs. 4d and 3d), the strong
lower-tropospheric pressure gradient across the Nordic
seas and the associated rapid export of cold air from
the interior Arctic via Fram Strait are sustained until
27 December (Fig. 4d).

The coevolution of the upper-level feature and the
CAO suggests a dynamical coupling of the upper-level
flow and the formation of the CAO. In particular, the
eastward propagation of the upper-level front that is
associated with the lowering of the tropopause induces
lifting and consequently reinforces the surface trough in
the Norwegian Sea and the development of the meso-
cyclone west of Svalbard, thus enhancing the pressure
gradient that steers the export of the cold air from the
interior Arctic. A similar coupling of upper- and low-
level flow during CAO formation has previously been
noted in a case study of a CAO in the South Pacific
(Papritz and Pfahl 2016). In climatological terms, the
formation of the CAO on the rearward side of a surface
trough with its center in the Norwegian and Barents Seas
corresponds to one of the archetypal synoptic configu-
rations leading to CAOs that extend across the entire
basin of the Nordic seas (cf. Kolstad et al. 2009; Papritz
and Grams 2018). Furthermore, the export of cold air

from the interior Arctic via Fram Strait and the sub-
sequent flow across the Arctic front toward the Norwegian
coast, is one of the principal pathways taken by air masses
that contribute to CAOs in the Nordic seas (Papritz and
Spengler 2017). From this climatological perspective,
this CAO is a typical one for that region. The persistence
of the cold airmass outflows from the Arctic implies,
however, that a particularly large portion of the Nordic
seas was affected by this CAO at a time.

b. From evaporation to precipitation

One of the salient features of polar cold air masses
favorable for inducing CAOs is their initial dryness, thus
leading to the strong uptake of moisture once the air
mass is exposed to the ocean followed by the forma-
tion of convective clouds and precipitation. This is ex-
emplarily illustrated by the AVHRR satellite image
(Fig. 5a) valid at 1935 UTC 25 December showing cloud
streets that develop off the sea ice edge, as well as a
transition toward cellular convection. Furthermore,
Fig. 6 shows snapshots of evaporation, total column vapor,
and precipitation at 0000 UTC 26 December (160h). In
the Arctic and over the Nordic seas—collocated with the
CAO (purple)—total column vapor is strongly depleted
with values well below 2 mm (Fig. 6b). It is within the
CAO, however, where the strongest evaporation rates
in the study region occur (Fig. 6a). At the same time,
marine precipitation collocated with the CAO is also
prevalent (Fig. 6c). Furthermore, intense precipitation
associated with orographic lifting is found along the
coasts of Norway and southeastern Greenland. While a
linkage between precipitation over Norway and the
uptake of moisture by the CAO air mass is rather
manifest, this is less obvious for precipitation along

FIG. 5. (a) Infrared (channel 4) satellite image from the NOAA-17 AVHRR instrument valid at 1935 UTC 25 Dec 2015. (b),(c) Top of
the atmosphere outgoing longwave radiation in the COSMO 0.028 3 0.028 simulation (b) without (nc) and (c) with (sc) shallow convection
parameterization at 1900 UTC 25 Dec 2015.

3574 M O N T H L Y W E A T H E R R E V I E W VOLUME 146



the southeast coast of Greenland. In the following, we
will make use of the water vapor tracers as introduced in
section 2 to link evaporation into the CAO air mass to
precipitation.

First, we illustrate the evolution of the water cycle
associated with the CAO throughout the previously
described life cycle of the CAO. In particular, we in-
vestigate where water vapor picked up by the CAO
contributes to precipitation. Figure 7 gives an overview
of hourly accumulated evaporation into the CAO air
mass (left column), total column tagged CAO vapor
(middle column), and hourly accumulated tagged CAO
precipitation (right column). The terms tagged CAO
vapor and tagged CAO precipitation refer to the por-
tions of water vapor and precipitation, respectively, which
are associated with the CAO tracers. By definition, this
represents water that has previously evaporated into the
CAO air mass.

Initially, the most intense evaporation into the CAO
air mass of up to 0.5 mm h21 occurs in a narrow band
off the sea ice edge and over the tongue of relatively
warm waters west of Svalbard. It declines to less than
0.3 mm h21 farther into the basin (Figs. 7a,d). Convec-
tive overturning leads to the onset of tagged CAO
precipitation slightly downstream of the sea ice edge
(Figs. 7c,f). As the CAO air masses are advected across
the Arctic front over the warm waters of the Norwegian
Sea, the evaporation rates increase again and reach
values as high as near the sea ice edge. In contrast to the
band along the sea ice edge, however, these high values
extend much farther downstream (Figs. 7g,k). Further-
more, this increase of evaporation is concomitant with a
sharp increase of tagged CAO precipitation from rather
uniform values of around 0.1 mm h21 in the Greenland

Sea to locally more than 1 mm h21 in the Norwegian Sea
(e.g., Fig. 7i). Consequently, total column tagged CAO
vapor does not show such pronounced changes down-
stream of the Arctic front as evaporation and pre-
cipitation; instead it increases nearly linearly with distance
from the sea ice edge to close to 4 mm near the Norwegian
coast (Figs. 7e,h,l). These findings suggest a strong in-
fluence of the SST distribution on the water cycle and, in
particular, a more vigorous turnover of water vapor over
the warm waters of the Norwegian Sea compared to the
Greenland Sea that limits the growth of column tagged
CAO vapor.

Important parts of the Nordic seas are bounded by
steep orographic rises. Hence, a major portion of CAO
precipitation occurs over land induced by orographic
lifting when CAO air masses impinge on the coast. In-
deed, high rates of tagged CAO precipitation are found
along the coast of central and northern Norway, but
also along southeastern Greenland (Fig. 7i) with the
latter being related to a southwestward excursion of
tagged CAO vapor during the early phase of the CAO
(Figs. 7e,h). This poses the question about what role
moisture input and precipitation efficiency over the ocean
play in controlling the amount of precipitation along the
orographic rises.

Figure 8 shows the contributions of CAO and non-
CAO vapor to marine precipitation in the Greenland–
Iceland–Norwegian (GIN) Seas and over central to
northern Norway (NOR; see boxes in Fig. 1a). Colors
indicate tagged CAO vapor released in the respective
time frames and gray shadings depict tagged vapor ini-
tially present and of non-CAO origin. The contribution
of tagged CAO vapor to marine precipitation in the GIN
region (Fig. 8a) increases gradually from the start of the

FIG. 6. Snapshots of (a) evaporation from the ocean surface, (b) total column vapor, and (c) precipitation at 0000 UTC 26 Dec (160 h).
Evaporation and precipitation are averaged over the previous hour. Further shown are sea level pressure (gray, contour interval 5 K), the
4-K isoline of the CAO index (uSST 2 u900; purple), and the sea ice edge (thick black). Data are from the COSMO 0.058 simulation.
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FIG. 7. Snapshots of (left) tagged evaporation into the CAO air mass, (middle) tagged CAO column vapor, and (right) tagged CAO
precipitation at (a)–(c) 0000 UTC 24 Dec, (d)–(f) 0000 UTC 25 Dec, (g)–(i) 0000 UTC 26 Dec, and (k)–(m) 0000 UTC 27 Dec. Evaporation
and precipitation are averages over the previous hour. Note that evaporation into the CAO air mass is tagged only poleward of 608N and east
of 458W (cf. thick black lines). Further shown are the CAO evaporation region (purple) and the sea ice edge (black), as well as (middle) sea
level pressure (gray contours in intervals of 10 hPa; omitted over land) and (left),(right) the 277-K isotherm of SST with cold waters located to
the left and north of the isoline (gray line). Data are from the COSMO 0.058 simulation.
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simulation. Contributions increase as the more intense
CAO precipitation downstream of the Arctic front
sets in at 1200 UTC 24 December (124 h). Marine
CAO precipitation peaks and reaches a plateau around
0000 UTC 26 December (160 h) when the cold front
makes landfall along the Norwegian coast and the CAO
air mass occupies most of the GIN Seas. During that
plateau phase, the bulk of precipitation in the GIN
region is of CAO origin (. 80 %). After 1200 UTC
26 December (172 h) the continuous supply of CAO air
masses decreases and marine CAO precipitation in the
GIN region declines.

CAO precipitation in the NOR region (Fig. 8b)
sets in with the landfall of the cold front and peaks at
0000 UTC 26 December (160 h) with the highest pre-
cipitation rates throughout the entire event. Interestingly,
most of the cold frontal precipitation in the NOR box is
of CAO origin, whereas precipitation of waters of non-
CAO origin in the ascent regions ahead of the front
contributes substantially less. This may be related to a
weakening of the front caused by the frontolytic effect of
surface sensible heat fluxes (Spensberger and Sprenger
2018). After the passage of the cold front, precipitation
in the NOR region levels off at a lower and fairly con-
stant value while the CAO air mass is lifted over the
orographic rise (Fig. 8b). After 0000 UTC 27 December
(184 h) the dome of cold air translates into the Barents
Sea and precipitation decreases.

In summary, the synoptic analysis points toward a
highly local water cycle with relatively rapid turnover of
vapor established during the life cycle of the CAO over

large portions of the Nordic seas. In the following sec-
tion, we aim to shift the focus away from this synoptic
view toward a space–time-integrated perspective on the
water cycle during this CAO event with the goal to cor-
roborate these qualitative findings more quantitatively.

4. The CAO water cycle

a. Integral characteristics

A quantitative account of the net input of vapor into
the atmosphere during this CAO event is obtained from
the domain-integrated evaporation into the CAO air
mass and tagged CAO precipitation (Fig. 9). In this
section we focus on the 0.058 3 0.058 simulation only
(solid lines). The rate of evaporation into the CAO air
mass (orange) increases rapidly, peaks after 1200 UTC
25 December (148h), and declines shortly after 1200 UTC
26 December (172h, Fig. 9a). Tagged CAO precipitation
(blue) peaks about 12 h after evaporation and reaches
a plateau sustained for nearly 1 day until 0000 UTC
27 December (184h). Subsequently, precipitation largely
compensates for the additional moisture input by evapo-
ration as evident from the closeness of the orange and blue
lines. Consequently, the net input of vapor remains small
after that time. Initially, most of the tagged CAO pre-
cipitation is collocated with the CAO masks (cf. green
and blue lines). As of 1200 UTC 25 December (148 h),
however, more and more of the CAO vapor is lost via
precipitation in dynamical weather systems outside of
the CAO and along the orographic boundaries of the
Nordic seas. The total evaporation into the CAO air

FIG. 8. Temporal evolution of tagged precipitation integrated over (a) the Greenland–Iceland–Norwegian (GIN)
Seas (GIN box, Fig. 1a) and (b) Norway (NOR box, Fig. 1a) with contributions shown separately for tagged vapor
initially present in the domain (light gray), entering the domain from the boundary or the surface outside of the
CAO mask (dark gray), and associated with the CAO tracers that are released in 12-hourly intervals (color). Time
axis is relative to the initial time of the simulation and the time when the CAO air mass reaches across the Arctic
front and the cold front makes landfall are indicated in (a) and (b), respectively. Data are from the COSMO 0.058
simulation.
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mass amounts to 65 3 1012 kg, of which 22 3 1012 kg fall
as precipitation within the CAO mask corresponding to
34% of the total uptake (Fig. 9b). Thus, the net injection
of moisture by the CAO of 43 3 1012 kg corresponds
to nearly 7% of the integrated water content of the
atmosphere poleward of 408N (’6:4 3 1014 kg) as es-
timated from the ERA-Interim reanalysis. An additional
20 3 1012 kg or 30% is lost via precipitation outside of
the CAO.

Brümmer (1997) computed composite water budgets
of 11 CAO cases based on aircraft measurements (8 CAOs
from Fram Strait and 3 in the Norwegian Sea). That study
estimated the efficiency of precipitation formation by the
CAO, expressed as the ratio of precipitation to evapora-
tion, to be 25% to 33% up to 150 km from the sea ice
edge and values in excess of 50% farther downstream.
Given that the CAO investigated here extends from
the sea ice edge across the entire Nordic seas and thus
occupies a major portion of the warm waters in the
Norwegian Sea, the value of 34% found here appears
rather low in comparison, even though it has been

computed from evaporation and precipitation integrated
over the entire event, as well as in space. We therefore shed
more light on the spatial variation of the precipitation
efficiency by considering the footprints of the CAO event
in accumulated evaporation and precipitation.

Evaporation into the CAO air mass accumulated over
the CAO event features clear local maxima (Fig. 10a). A
first prominent maximum is located along the sea ice
edge extending from north of Svalbard into the Green-
land Sea and with values in excess of 20 mm. A second
maximum of the same magnitude is found on the warm
side of the Arctic front (gray contour). The dominant
cause for the evaporation maximum over Fram Strait
and in the Greenland Sea lies in the sustained nature of
the off-ice flow throughout the entire event (i.e., Fig. 4)
leading to less intense but more persistent instantaneous
evaporation rates than in the Norwegian Sea (cf. Fig. 7).
Furthermore, the existence of an ice–sea-breeze circu-
lation could contribute further toward enhanced fluxes
in the vicinity of the sea ice edge (e.g., Chechin et al.
2013). Despite the high instantaneous evaporation rates,

FIG. 9. Temporal evolution of domain-integrated tagged CAO water budget. (a) Rates of
tagged evaporation into the CAO air mass (red), tagged CAO precipitation (blue), and
tagged CAO precipitation collocated with the CAO mask (uSST 2 u900 5 4 K; green). (b) As in
(a) but accumulated over time and expressed in % of the total evaporation into the CAO air
mass over the whole length of the simulation. All quantities are shown for the COSMO 0.28
(dotted), COSMO 0.18 (dashed), and COSMO 0.058 (solid) simulations.
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the rather episodic passage of the CAO air mass over the
Norwegian Sea (i.e., Fig. 4) leads to a decrease in the
accumulated evaporation from the Arctic front toward
the coast of Norway. Consequently, evaporation accu-
mulated during the event is less over the warm waters in
the Norwegian Sea than over the cold waters near the
sea ice edge in the Greenland Sea.

Accumulated CAO precipitation increases downstream
of the Arctic front with values of more than 12 mm over
much of the eastern Norwegian Sea (Fig. 10b). This

increase reflects the considerably stronger precipita-
tion rates there compared to the upstream region.
Similarly high values of accumulated precipitation
are also found in an adjacent band inland of the west
coast of Norway and in southeastern Greenland. An
eminent peak in total precipitation occurs between
the sea ice edge and Svalbard, where, because of the
continuous passage of CAO air masses, weak but per-
sistent precipitation leads to an accumulated pre-
cipitation of slightly more than 12 mm. This peak is

FIG. 10. Footprints of tagged CAO (a) evaporation, (b) precipitation, (c) evaporation minus precipitation, and
(d) the ratio of precipitation collocated with the CAO evaporation mask (uSST 2 u900 5 4 K) and evaporation in %.
Evaporation and precipitation are accumulated over 78 h in the interval from 1800 UTC 23 Dec (16 h) to 0000 UTC
27 Dec (184 h). Note that the scale in (c) applies also to (a) and (b) to facilitate comparison. Regions with
evaporation of less than 1 mm are masked out in (d). Furthermore, the 277-K isotherm of SST is drawn to illustrate
the location of the Arctic front (gray line). Cold waters are located to the west and north of this line. Data are from
the COSMO 0.058 simulation.
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FIG. 11. Footprints of tagged CAO (left) evaporation and (right) precipitation for tracers released between
(a),(b) 0000 UTC 25 Dec and 1200 UTC 25 Dec (36–48 h); (c),(d) 1200 UTC 25 Dec and 0000 UTC 26 Dec
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shifted slightly downstream of the evaporation maxi-
mum near the sea ice edge.

We obtain the footprint of the CAO in net freshwater
fluxes, defined as evaporation minus precipitation, by com-
bining accumulated evaporation and precipitation. The
largest positive values of the freshwater flux associated with
the CAO, thus, ensue near the sea ice edge northwest of
Svalbard and in the Greenland Sea, as well as on the warm
side of the Arctic front (Fig. 10c). The freshwater flux de-
clines considerably downstream of these maxima as pre-
cipitation strengthens such that over the eastern part of the
Norwegian Sea it reaches nearly neutral or even slightly
negative values. It therefore seems that precipitation from
water picked up by the CAO earlier and farther upstream
to a large degree compensates for the strong evaporation
rates over the warm waters in the Norwegian Sea.

The efficiency of precipitation formation (the ratio of
precipitation falling in collocation with the CAO mask
and evaporation into the CAO air mass) has the lowest
values of less than 10% near the sea ice edge, while
steadily increasing downstream with values in the eastern
Norwegian Sea largely exceeding 50% (Fig. 10d). The
ratio of 34% obtained previously from area-integrated
quantities is, therefore, representative of the values near
the Arctic front in the middle of the basin. Between the
sea ice edge and Svalbard there is another region with
ratios larger than 50%, which occurs as a result of the
large amount of CAO precipitation. Since this is the re-
gion where 8 of the 11 CAOs described in Brümmer
(1997) occurred, it is likely that the values derived from
their composite water budget are representative of this
particular region. In fact, our estimates are in good
agreement with the increase of the ratio from 0.25 near
the sea ice edge northwest of Svalbard to 0.6 about
300km downstream as found by Brümmer (1997). On the
scale of the Nordic seas, however, the ratio increases less
rapidly with distance from the sea ice edge. We suggest
that this effect is owed to the large SST gradient related to
the Arctic front and the associated increase of the
evaporation rates.

b. Local nature of the water cycle and rapid
overturning

The local nature of the water cycle is emphasized by the
spatial footprints of accumulated evaporation and pre-
cipitation of the individual CAO tracers that are released

in 12-hourly intervals. Figure 11 depicts these footprints
for the three tracers that contribute most to precipita-
tion in the GIN and NOR regions until 0000 UTC
27 December (184h), namely, the tracers that are re-
leased 36–48, 48–60, and 60–72 h (see Fig. 8). Evaporation
is accumulated over the 12-hourly window during which
the tracer is released, while precipitation is accumulated
from the start of the tracer release window until
0000 UTC 27 December. The accumulated evaporation
in the Greenland Sea reaches values of 5 mm between
the sea ice edge and Svalbard, and is quite similar for
all three tracers.

Major differences exist, however, downstream of the
Arctic front in the Norwegian Sea. Moisture uptake by
the tracer released between 36 and 48 h is confined to the
region west of the position of the cold front at the end of
the tracer release window (1200 UTC 25 December,
Fig. 11a), such that the eastern Norwegian Sea does
not contribute. Accumulated precipitation of 1–3 mm,
in contrast, extends farther downstream over the en-
tire Norwegian Sea and spreads along the coast of
Norway (Fig. 11b). This is a hallmark of the accumu-
lation of CAO vapor on the rearward side of the cold
front vapor that contributes to frontal precipitation
when the front weakens while passing the eastern
Norwegian Sea.

The water cycle associated with the two subsequently
released tracers appears more spatially confined. The
accumulated evaporation increases rapidly downstream
of the Arctic front and reaches 5–6mm in most of the
Norwegian Sea (Figs. 11c,e). Furthermore, there is a
pronounced increase of precipitation to values of more
than 4 mm over a widespread area in the Norwegian Sea
with maxima displaced slightly to the east of maxima
in evaporation (Figs. 11d,f). The spatially confined pat-
terns in accumulated evaporation and precipitation, in
particular the closeness of local maxima in evaporation
and precipitation, clearly point toward a highly localized
nature of the water cycle, and consequently a rapid
overturning of moisture.

The intensity and speed of the overturning of mois-
ture within the CAO air mass is substantiated by the
short residence time of the vapor in the atmosphere
(i.e., the time between evaporation and precipitation).
Figure 12 shows the distribution of the residence
time as estimated from the CAO tracers released in

 
(48–60 h); and (e),(f) 0000 UTC 26 Dec and 1200 UTC 26 Dec (60–72 h) in the 0.058 3 0.058 simulation. Evaporation
is accumulated over the respective release window of each tracer, and precipitation is accumulated from the start of
the release window until 0000 UTC 27 Dec. The 277-K isotherm of SST is drawn to illustrate the location of the
Arctic front (gray line). Cold waters are located to the west and north of this line. Data are from the COSMO 0.058
simulation.

NOVEMBER 2018 P A P R I T Z A N D S O D E M A N N 3581



12-hourly intervals (see section 2). Note that the 12-
hourly bins for the residence time are exclusive (i.e., all
CAO precipitation in one of the boxes is attributed to
exactly one bin). Because of the 12-hourly intervals
between the release of new tracers, some of the pre-
cipitation with a residence time of, for example, less than
24h may in fact have evaporated less than 12h ago. This
estimate, therefore, presents an upper limit for the
residence time. Figure 12a shows that more than 45%
of the CAO precipitation in the GIN region has evap-
orated less than 12 h before, and another about 40% less
than 24 h before with a sharp drop in the contributing
fraction for residence times larger than one day. This
sharp drop for residence times larger than one day is
also present in CAO precipitation over Norway, though
with a shift toward higher residence times (Fig. 12b).
The largest contribution of nearly 50% is from the cat-
egory with evaporation less than 24 h ago, and about
35% for 12-h residence time. As the cold front makes
landfall with pronounced precipitation, it deposits water

that evaporated in the early phase of the CAO and ac-
cumulated on the rearward side of the front, contribut-
ing to the observed shift in residence times. Given that
these estimates present upper limits, we conclude that
the mean residence time of precipitating CAO waters is
clearly below 24 h. The water cycle associated with
CAOs is, therefore, highly localized and characterized
by very rapid overturning on a time scale of less
than a day.

5. Sensitivity to model resolution

As previous modeling studies of the convective
boundary layer of CAOs with horizontal grid spacings
in the convective gray zone (i.e., a few kilometers) have
shown, substantial differences in the boundary layer
evolution may arise in simulations with different model
resolutions because of a lack of scale awareness of the
parameterizations for convection and turbulent mixing
(e.g., Field et al. 2017; Tomassini et al. 2017). Such de-
ficiencies may also impact the representation of the
hydrological cycle. We therefore assess the robustness of
the previously identified integral characteristics of the
hydrological cycle of the CAO, as well as its footprint in
freshwater fluxes, using model simulations at grid spac-
ings spanning the range from 0.28 3 0.28 to convection
permitting 0.028 3 0.028.

First, we compare the domain-integrated hydrological
cycle of the three coarsest simulations (Fig. 9). As re-
flected in evaporation into the CAO air mass and CAO
precipitation, there is a close agreement between the
reference simulation (0.058 3 0.058, solid) and the two
simulations with larger grid spacing (0.18 3 0.18 and
0.28 3 0.28, dashed and dotted, respectively). While the
total amount of evaporation by the CAO is nearly
identical for all simulations (differences of less than
1.2% between the simulations with grid spacings of
0.28 3 0.28 and 0.058 3 0.058), the total amount of CAO
precipitation increases by about 6% as the grid spacing
decreases. As also supported by the slightly lower
residence times, this indicates a modestly more rapid
turnover of CAO vapor at lower grid spacings (cf.
Fig. 12).

Second, we consider in Fig. 13 the spatial imprints
in 78-h accumulated freshwater fluxes as in Fig. 10c.
The spatial patterns are consistently simulated in terms
of location and shape of the spatial structure along the
sea ice edge west of Svalbard and in the Greenland Sea.
Simulations also agree regarding the location of the lo-
cal maximum on the warm side of the Arctic front. Clear
differences in magnitude are, however, apparent down-
stream of the Arctic front, especially along the coast and
over Norway, and in the finer-scale structures.

FIG. 12. Residence time of waters in tagged CAO precipitation
expressed as fractions of total CAO precipitation from 1800 UTC 23
Dec (16 h) to 0000 UTC 27 Dec (184 h) (a) in the Greenland–
Iceland–Norwegian (GIN) Seas (GIN box, Fig. 1a) and (b) over
Norway (NOR box, Fig. 1a) for simulations (from left to right) at
resolutions of 0.28 3 0.28, 0.18 3 0.18, 0.058 3 0.058, and 0.028 3 0.028,
the latter both for simulations without (nc) and with (sc) shallow
convection scheme active. Note that these estimates represent upper
limits for the residence time (cf. section 2).
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Spatial integrals of the accumulated precipitation as-
sociated with each of the individual tracers over the GIN
region (GIN box in Fig. 1a; Fig. 14a) and central to
northern Norway (NOR box Fig. 1a; Fig. 14b) show that
marine CAO precipitation increases as grid spacing is
reduced from 0.28 3 0.28 to 0.058 3 0.058. This increase
is mainly due to the tracers that were released between
48–60 and 60–72 h. Equal contributions across resolu-
tion are observed for tracers released earlier, which, in
particular, contribute to precipitation immediately
behind the cold front (Fig. 14a). Thus, the differences
arise mainly within the convective interior of the CAO
air mass, hinting at potential inconsistencies in the in-
terplay between the convection parameterization and

the increasing portion of convective motions within the
CAO air mass that are explicitly resolved by the model
(e.g., Field et al. 2017; Tomassini et al. 2017).

Analysis of the separate contributions of gridscale
and convective precipitation lends further support to
this interpretation (Table 2): the contribution of con-
vective precipitation increases, while gridscale precipi-
tation reduces slightly. Since the decrease of gridscale
precipitation is lower than the increase of convective
precipitation, it results in a net increase of CAO pre-
cipitation. In comparison to the simulation at a grid
spacing of 0.28 3 0.28, convective precipitation nearly
quadruples in the 0.058 3 0.058 run, while gridscale
precipitation reduces by less than 30% of the increase in

FIG. 13. Footprints of tagged CAO evaporation minus precipitation for simulations at resolutions of (a) 0.28 3 0.28, (b) 0.18 3 0.18,
(c) 0.058 3 0.058, and (d),(e) 0.028 3 0.028 without (nc) and with (sc) shallow convection scheme active, respectively. Fields are accu-
mulated over the 78-h period between 1800 UTC 23 Dec (16 h) and 0000 UTC 27 Dec (184 h). To facilitate comparison, all fields are
shown for the nested domain of the simulations at 0.028 3 0.028 resolution. The 277-K isotherm of SST is drawn to illustrate the location of
the Arctic front (gray line). Cold waters are located to the west and north of this line.
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convective precipitation. Since the evaporation rates
are nearly identical in all three simulations (Fig. 12), an
important implication of the increase of marine CAO
precipitation with increasing resolution is that there
is less CAO vapor available that could contribute to
precipitation over Norway (Fig. 14b).

The two convection permitting simulations with a grid
spacing of 0.028 3 0.028 show a clear decrease in CAO
precipitation in the GIN region (Fig. 14a), and further
an increase over Norway (Fig. 14b) when compared to
the 0.058 3 0.058 simulation. Marine CAO precipitation
decreases more strongly in the simulation with shallow
convection parameterization switched on. The parame-
terization acts to transport CAO vapor upward and
potentially warmer air downward, and thereby leads to a
modestly more rapid growth of the depth of the CAO
boundary layer. This results in slightly enhanced evap-
oration from the ocean surface and overall less marine
CAO precipitation (not shown).

Comparing outgoing longwave radiation at 1900 UTC
25 December from the two convection permitting sim-
ulations with infrared satellite imagery reveals remark-
able agreement in certain details, but also emphasizes
discrepancies especially downstream in the Norwegian
Sea (Fig. 5). In both simulations cloud streets develop
off the ice and there is a clear-cut transition from roll
vortices toward cellular convection (Figs. 5b,c), in good
agreement with the satellite image (Fig. 5a). Morphology
and organization of the cellular convection are, how-
ever, different in the two simulations. Cloud cover is
considerably less dense in the simulation without shal-
low convection parameterization, in agreement with the

weaker net water uptake in that simulation. Furthermore, a
comparison with the satellite image (Fig. 5a) suggests that
the ratio between cloud free versus cloudy regions may lie
somewhere in between the two simulations, albeit with
clearly finer cloud structures than produced by either
of them.

Based on the above analysis, we conclude that the
major characteristics of the water cycle associated with
the CAO are robust with respect to changes to the grid
spacing. Nevertheless, quantitative inconsistencies in
the representation of the CAO water cycle are identified
even at convection permitting grid spacing, and con-
vergence is not evident as more and more of the con-
vective motions are resolved with decreasing grid spacing.
This is consistent with large eddy simulations indicating

FIG. 14. Accumulated tagged precipitation integrated over (a) the Greenland–Iceland–Norwegian (GIN) Seas
(GIN box, Fig. 1a) and (b) Norway (NOR box, Fig. 1a) for simulations (from left to right) at 0.28 3 0.28, 0.18 3 0.18,
0.058 3 0.058, and 0.028 3 0.028 resolution without (nc) and with (sc) shallow convection scheme active. The ac-
cumulation is from 1800 UTC 23 Dec (16 h) until 0000 UTC 27 Dec (184 h). Contributions are shown separately
for initial vapor (light gray), vapor entering the domain from the boundary or the surface outside of the CAO mask
(dark gray), and vapor of CAO origin released in 12-hourly intervals (color).

TABLE 2. Accumulated marine CAO precipitation area in-
tegrated over the Greenland–Iceland–Norwegian (GIN) Seas (cf.
GIN box Fig. 1a) for all CAO tracers, and separately for the two
tracers released between 48–60 and 60–72 h, respectively, for sim-
ulations at 0.28 3 0.28 to 0.058 3 0.058 resolution. The period of
accumulation is 1800 UTC 23 Dec–0000 UTC 27 Dec and the
contributions are separated into gridscale and convective pre-
cipitation. The integrated precipitation is expressed in units of
1012 kg.

0.28 3 0.28 0.18 3 0.18 0.058 3 0.058

CAO all
tracers

Grid scale 7.62 7.58 6.86
Convective 0.80 1.36 2.53

CAO tracer
48–60 h

Grid scale 1.83 1.81 1.51
Convective 0.27 0.55 0.98

CAO tracer
60–72 h

Grid scale 1.44 1.46 1.26
Convective 0.23 0.44 0.92
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that a grid spacing on the order of 100 m is required to
properly resolve the full spectrum of convective motions
(Bryan et al. 2003) and it underlines the need for scale-
aware parameterizations of the nonresolved portions of
convective and subgrid-scale turbulent motions to properly
represent CAOs in kilometer-scale models.

6. Conclusions

This study presents the dynamical evolution of an in-
tense and long-lived yet typical CAO from Fram Strait
into the Nordic seas that occurred during 24–27 December
2015. The analysis is focused on an investigation of the
associated evolution and characteristics of the water cycle
in the Nordic seas established during that event.

The formation and development of the CAO were
closely linked to the evolution and propagation of an
upper-level feature characterized by a low-lying tropo-
pause that wandered from northwestern Greenland to-
ward Fram Strait and from there into the Nordic seas
with a dome of cold air underneath. Delimited by an
initially intense cold front extending all the way to the
tropopause, cold air was continuously supplied from
the interior Arctic for more than two days and advected
across the Nordic seas. This sustained flow of originally
cold and dry air masses across the Nordic seas gave rise
to intense sensible and latent heat fluxes from the ocean
surface, leading to the strong transformation of the
air mass.

To quantitatively analyze the characteristics of the
water cycle during that CAO, the event was investigated
by means of a tracer-enabled limited-area numerical
weather prediction model. Our main findings regarding
the characteristics of the water cycle associated with this
CAO event are as follows:

1) The CAO is associated with a highly confined water
cycle, with a rapid overturning of vapor within the
CAO air mass. This is underlined by the finding that
the Norwegian Sea is the dominant moisture source
region for CAO precipitation along the Norwegian
coast and over Norway during the CAO period. During
such weather situations, the Nordic seas and the
surrounding topography can, thus, be considered as a
natural laboratory to study the local characteristics of
the water cycle by models and observations.

2) Water vapor has a very rapid turnover within the
CAO, with an average residence time of about one
day. This residence time is considerably smaller than
the climatological residence time of 3–4 days for
vapor contributing to precipitation in the Nordic
seas as obtained from trajectory analysis (Läderach
and Sodemann 2016), or than the 8–10 days often

considered as a global average value (e.g., Bosilovich
et al. 2005).

3) About one-third of the total moisture taken up by
the CAO falls as precipitation because of convective
overturning in the marine CAO boundary layer. An-
other third rains out inside the model domain but
unrelated to convection within the CAO, that is,
along the steep coastal boundaries of the Nordic seas,
as well as in dynamical weather systems over ocean.
The last third remains as vapor in the atmosphere or
is advected out of the domain. In total, this leads to
a net injection of vapor by the CAO1 into the high-
latitude atmosphere of 43 3 1012 kg (;7% of the
atmospheric water content poleward of 408N).

4) The water cycle is strongly modulated by the pattern
of SST over the CAO region. The CAO air mass is
exposed to rapidly increasing SST as it crosses the
Arctic front from the cold Greenland Sea into the
warm Norwegian Sea. Consequently, evaporation
rates increase substantially on the warm side of the front,
as does precipitation efficiency farther downstream.

5) Accumulated freshwater fluxes are characterized
by an excess of evaporation over precipitation.
Overall values decrease from the ice edge toward the
Norwegian coast, albeit with local maxima of the net
vapor injection along the sea ice edge and on the
warm side of the Arctic front. Important factors in
shaping these spatial patterns are as follows:
(i) the persistent outflow of very cold air masses

from Fram Strait across the ice edge for several
days with moderate evaporation rates contrast-
ing the rather episodic passage of the CAO air
masses across the Norwegian Sea where evapo-
ration rates are substantially higher,

(ii) and the partial compensation of the more intense
evaporation downstream of the Arctic front in
the Norwegian Sea by enhanced precipitation of
CAO vapor that was picked up upstream.

6) Simulations with horizontal grid spacings ranging
from 0.28 3 0.28 to convection permitting 0.028 3
0.028 indicate that the integral characteristics of the
CAO water cycle, as well as the principal features of
the CAO in footprints of freshwater fluxes are robustly
represented across resolutions. Inconsistencies exist,
however, regarding the amount of marine convective
precipitation. Since local small-scale processes play
a dominant role for the water cycle during CAO
situations, CAOs can serve as ideal target cases to

1 The net injection is considered to be the total evaporation into
the CAO air mass minus precipitation caused by convective
overturning within the CAO boundary layer.

NOVEMBER 2018 P A P R I T Z A N D S O D E M A N N 3585



evaluate the accuracy of the representation of the
water cycle and the impact of parameterized small-
scale processes on the performance of numerical
weather prediction models.

The characteristics of the water cycle during episodes
of CAO precipitation along the Norwegian coast and
over Norway are in sharp contrast to those during epi-
sodes of precipitation associated with strongly ascending
moist airstreams (i.e., warm conveyor belts; Sodemann
and Stohl 2013; Pfahl et al. 2014). Both types of episodes
are closely linked to the passage of cyclones: warm con-
veyor belts are related to the warm sector of cyclones
with long-range vapor transport ahead of the cold front
(Madonna et al. 2014; Pfahl et al. 2014) and they often
represent a major sink for vapor associated with an at-
mospheric river (Sodemann and Stohl 2013), whereas
CAOs—as in the present case—are linked to the cy-
clone’s cold sector (Papritz et al. 2015; Vannière et al.
2016; Papritz and Grams 2018). During periods with
the frequent passage of cyclones, precipitation in the
Norwegian Sea and over Norway is therefore character-
ized by temporally highly variable moisture source regions
and associated uptake conditions, moisture transport, and
time scale from evaporation to precipitation.

The insights gained from this study are also relevant
for the ongoing Year of Polar Prediction (YOPP)2 effort
that brings major attention to this region in terms of
modeling and observational studies. The highly local
water cycle in the Norwegian Sea recommends the
region as a natural laboratory of the water cycle. Testing
the representation of different subgrid-scale processes,
including convection, in a model framework should be
highly effective during such CAO situations. In addition,
observational studies targeting the water cycle may be
particularly valuable in this region. The distinct trans-
formation of the CAO air masses resulting from strong
latent heat fluxes create situations where natural tracers
of moisture source and transport based on the stable
isotope composition of the water vapor can be applied
to validate the water cycle in models. Variations in the
parameter deuterium excess, for example, may allow
one to identify the timing and change in source condi-
tions at coastal measurement sites (Pfahl and Sodemann
2014; Steen-Larsen et al. 2015). Such a comparison re-
quires information on the water cycle in the model that
is adequate for evaluation with isotope measurements.
The tagging approach, and its extension into a full stable
isotope fractionation physics package (Pfahl and Wernli
2012), allows quantification of the contributions from

different source regions of CAO precipitation, and to
disentangle the role different processes play in the water
cycle. Thus, novel observational approaches combined
with powerful model diagnostics can be invaluable for
evaluating and improving the representation of CAOs in
models. More fundamentally, they can be a cornerstone
for advancing our understanding of the role of CAOs in
the high-latitude climate system.
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